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1 e INTRODUCTION 
The overa l l  purpose of t h i s  program is t o  ascer ta in  the nature of 
the defects responsible f o r  the degradation i n  output of s i l i con  devices 
(solar  c e l l s )  i r rad ia ted  by space radiation. 
defects and t h e i r  annealing mechanisms a re  known, it w i l l  be possible 
(1) t o  determine the parameters t h a t  w i l l  lead t o  development of 
radiation-hardened devices, ( 2 ) ,  t o  predict  the e f fec ts  of radiat ion 
and annealing on so lar  ce l l s ,  and (3 )  t o  make use of computer programs 
t o  predict  radiat ion e f fec ts  i n  so la r  c e l l s  on extended space f l i g h t s .  
When the nature of the 
The present e f f o r t  i s  concentrated on the study of the e f f ec t s  of 
lithium on the production and annealing of damage i n  s i l icon.  This work 
i s  being performed on lithium-diffused bulk s i l i con  using measurements 
such as minority-carrier l i fe t ime , electron-spin resonance (ESR) , elec- 
t r i c a l  conductivity, and infrared absorption. The temperature range 
from 77.5' t o  4OO0K is  under investigation. 
by 30-MeV electrons and f i s s ion  neutrons. 
defects similar t o  those produced by high-energy protons. 
The damage is  introduced 
Thirty-MeV electrons produce 
2. TECHNICAL DISCUSSION 
2.1 RESISTIVITY AND MINORITY-CAF3IER LIFETIME MEASWMENTS 
During t h i s  reporting period, the study of the minority-carrier l i f e -  
time degradation and anneal of high-purity lithium-diffused float-zone 
s i l icon  w a s  continued. I n  previous measurements , the temperature de- 
pendence of the minority-carrier l i fe t ime indicated the presence of two 
radiation-induced recombination centers, one a t  about Ec - 0.17 eV, and 
another fur ther  than 0.35 eV from a band edge. 
temperature dependence before and a f t e r  30-MeV electron i r rad ia t ion  and 
before and af ter ,  isothermal anneals a t  380' t o  4OO0K indicated a s igni-  
f i c a n t  reduction i n  the deeper radiation-induced center but no s ign i f icant  
reduction i n  the shallower center. 
Comparing the l i fe t ime 
To pursue t h i s  investigation, the  minority-carrier l i fe t ime of an 
11-ohm-em -4.5 x 1014 
before i r radiat ion,  after a room-temperature i r rad ia t ion  t o  a fluence of 
9.6 x 1011 e/cm 30-MeV electrons, and again after a 40-minute anneal a t  
375' f5OK. 
These measurements indicate a room temperature minority-carrier degrada- 
t i on  rate K = A ( ~ / T )  /A@ of about 3.1 x 10 em /e-sec, which agrees with 
our previous results(1) on similar l i gh t ly  diffused f loat-zone samples. 
This data d i f f e r s  from our previous resu l t s ,  however, in  t ha t  there i s  no 
apparent reduction i n  the l ifetime observed a t  temperatures below about 
165OK (1000/T 2 6.0). We have no explanation f o r  t h i s  difference a t  
present, although it i s  noted tha t  even before i r radiat ion,  the low- 
temperature minority-carrier l i fe t ime of t h i s  sample w a s  only about 30 
t o  50 percent t h a t  of t he  previously investigated samples. This would 
imply t h a t  before i r radiat ion,  the density of shallow centers (Ec - 0.17 
e V )  was considerably higher i n  t h i s  sample than i n  the other samples pre- 
pared from the same piece of lithium-diffused s i l icon.  
sample w a s  measured between 125' and 400°K 
2 
Figure 1 shows the, r e su l t s  of t h i s  se r ies  of measuremeiits. 
-8 2 
After the f i r s t  anneal a t  38OoK, the sample was brought back t o  275OK 
2 and i r rad ia ted  t o  a t o t a l  fluence of 2.1 x 1 O l 2  e/cm 
ence of 1.15 x 10 
s t an t  was found t o  be 2.3 x lo-' cm2/e-sec. After t h i s  i r radiat ion,  the 
temperature dependence of the minority-carrier l i fe t ime was measured be- 
fo re  and a f t e r  a 40-minute anneal a t  380' k 5 O K .  
measurements a re  shown i n  Fig. 2. Comparing Figs. 1 and 2, one notes tha t  
a f t e r  the i n i t i a l  i r radiat ion,  ra i s ing  the sample t o  about 375OK for 40 
minutes annealed only 65 percent of the radiation-induced recombination 
centers apparent a t  300°K (lOOO/T = 3.3). 
perature t o  38OoK for 40 minutes after the second i r rad ia t ion  returned the 
l i fe t ime t o  i ts  value immediately a f t e r  the f i rs t  anneal, o r  completely 
annealed the recombination centers introduced by the second i r rad ia t ion .  
In  other words, nearly 35 percent of the i n i t i a l  radiation-induced damage 
remained, but a l l  the damage introduced by subsequent i r rad ia t ion  was 
annealed. 
(an addi t ional  f l u -  
12 e/cm2)- For t h i s  i r radiat ion,  the degradation con- 
The resu l t s  of these 
However, ra is ing the sanrple tem- 
Isothermal annealing ra tes  were found t o  be comparable with previously 
(1) investigated electron- i r rad ia ted  samples . 
2 
0 
0 BEFORE I R R A D I A T I O N  
0 
CI 
AFTER 4 = 9.6 x 1OI1 c/CM2 
A T  300°K 
AFTER 40-MINUTE ANNEAL A T  380°K - THEORY, 2-CENTER MODEL 
SMOOTH CURVE THROUGH DATA -- 
- 
- 
- 
- 
% o  0 
0 
0 
3 4 5 6 7 8 
( 1000/T) (OK) - 
Fig. 1. Temperature dependence of minority-carrier l i fe t ime 
for 30-MeV electron i r rad ia ted  l ight ly-diffused 
float-zone s i l i c o n  
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Fig. 2. Temperature dependence of minority-carrier l i fe t ime 
for 30-MeV electron i r rad ia ted  l ightly-diffused 
f loat-zone s i l i con  
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During a l l  our previous studies, our samples were diffused by e i t h e r  
the l i thium-oil  paint-on or  the lithium-tin bath technique. 
reporting period, a sample diffused from a l i thium aluminum hydride solu- 
t ion  was investigated. The sample studied was lithium-diffused by heating 
a 10 -ohm-cm, 2-mm-thick slab of s i l i con  coated with a 5-molar solution of 
l i thium aluminum hydride i n  e ther  f o r  16 hours a t  375OC.  
c a r r i e r  concentration of about 2 x 10 cm . Four-probe r e s i s t i v i t y  
measurements indicated that the ca r r i e r  concentration was uniform. Fig- 
ure 3 indicates the temperature dependence of preirradiat ion minority- 
ca r r i e r  l ifetime. These measurements were of the photoconductivity decay 
type. Ident ica l  r e su l t s  were obtained when car r ie rs  were injected with 
the pulsed l i g h t  of a f i l t e r e d  xenon strobe lamp and with a 120-nsec, 
600-keV f l a s h  X-ray pulse. 
and H a l l  coeff ic ient  of t h i s  lithium-diffused float-zone sample (shown i n  
Fig. 4)  versus temperature indicate tha t  the ca r r i e r  concentration may be 
estimated from room temperature r e s i s t i v i t y  measurements and the data of 
I rvin,(2)  and t h a t  the temperature dependence of the conductivity is a 
resul t  of l a t t i c e  scat ter ing.  
During this 
4 
This produced a 
14 -3 
Preirradiat ion measurements of conductivity 
This sample was then i r rad ia ted  with 30-MeV electrons a t  approxi- 
mately 1Fj0, 200°, and 300°K and annealed a t  about 390%. The tempera- 
ture dependence of minority-carrier l i fe t ime was measured a t  the l i nea r  
accelerator (Linac) by photoconductivity decay, using an attenuated 0.1- 
psec Linac pulse as an inject ion source. 
Figure 3 indicates the minority-carrier l i fe t ime temperature depend- 
ence before and a f t e r  a 30-MeV electron i r rad ia t ion  a t  1 1 5 O K  t o  a fluence 
of cp = 7.4 x 1011 e/cm2e After t h i s  i r radiat ion,  the sample w a s  annealed 
a t  395' &5OK f o r  about 30 minutes, and then i r rad ia ted  a t  300°K t o  a t o t a l  
2 fluence of 2.1 x 1 O I 2  e/cm e 
l ifetime before and af ter  t h i s  i r radiat ion.  This sample was i r rad ia ted  a 
t h i r d  time a t  210°f100K t o  a t o t a l  fluence of cp = 3.4 x 10l2 e/cm 
12  2 increment of 1.3 x 10 
complicated by the appearance of a trapping center a f t e r  the sample was 
brought t o  room temperature. The appearance of a trapping center on anneal 
in  electron-irradiated lithium-diffused s i l icon  has been observed previously. 
Figure 5 indicates the minority-carrier 
2 (fluence 
e/cm ) . The r e su l t s  of the th i rd  i r rad ia t ion  were 
(1) 
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This experiment w a s  intended t o  supplement previous data t o  determine 
the minority-carrier l i fe t ime degradation constant a t  temperatures between 
100' and 3OO0K. 
r a t e  of so la r  c e l l s  exposed t o  i r rad ia t ion  when operated a t  reduced tem- 
peratures. Figure 6 indicates the minority-carrier l i fe t ime degradation 
constant measured on a number of s i m i l a r  l ithium-diffused f loat-zone 
samples i r rad ia ted  with 30-MeV electrons a t  temperatures ranging from 
about 100' t o  3OO0K. 
mated by r e s i s t i v i t y  measurements) and i r r ad ia t ion  h is tory  of the samples 
p lo t ted  i n  Fig. 6. 
previous observations that the degradation constant depends on both the 
sample's o r ig ina l  l i thium density and i t s  i r rad ia t ion  history.  
dation r a t e  a t  a given temperature decreases with increasing fluence. 
s p i t e  of these objections, the data presented i n  Fig. 6 indicates the 
Such measurements should help predict  the degradation 
Table 1 indicates the i n i t i a l  l i thium density ( e s t i -  
The u t i l i t y  of such a sumtnamj i s  r e s t r i c t ed  by our 
The degra- 
In 
0 degradation rate a t  -100 K i s  approximately an order of magnitude greater  
than t h a t  measured a t  about 30OoK. 
2.2 ElLECrRON-SPIN RESONANCE (ESR) 
The ESR study of phosphorus-doped lithium-diffused s i l i con  has con- 
tinued. This study was i n i t i a t e d  i n  an attempt t o  determine the  e f f ec t  of 
l i thium on the production and annealing of the S i 4 8  (phosphorus-vacancy) 
center. Table 2 l ists  some information about the samples currently being 
investigated.  Res is t iv i ty  measurements on these samples before and a f t e r  
l i thium diffusion indicate phosphorus densi t ies  of 1 x 10 
li thium densi t ies  of 1 x 10 
16 ernm3 and 
16 ~ m " ~  f o r  the 0.30-ohm-cm samples and 3 x 
for the 0.16-ohm-cm samples. 
ESR measurements of nonirradiated samples (Nos, 15, 16)  showed a 90 
percent reduction i n  the number of paramagnetic phosphorus donors when 
li thium was diffused i n t o  the samples. This is consistent with the 60 t o  
70 percent reduction noted previously. The reason f o r  t h i s  reduction 
of phosphorus donors on lithium diffusion i s  not known, but is thought t o  
be lithium-impurity pairing. 
, During our most recent i r rad ia t ion  i n  an improved cryostat, a dummy 
sample was instrumented with a thermocouple t o  detect  the ac tua l  sample 
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Table 1 
SAMPU CHARACTERISTICS AND IRRADIATION HISTORY 
OF THE SAMPLES PLOTTED I N  FIG. 6 
Total 
Data 30 -MeV 
Number I n i t i a l  Lithium Electron I r rad ia ted  Degradation 
on Res is t iv i ty  Density Fluence Temperature Constant 
Fig. 6 (ohm-em) (cm-3) (e/cm2) (OK) ( cm2/ e -sec ) 
1 
‘2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
18 
18 
18 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
ad4 
2 x 1 0 ~ ~  
14 2x10 
14 
14 
14 
14 
14 
14 
14 
14 
14 
14 
4 .5~10  
4 .5~10  
4 .5~10  
4 e 5x10 
4 .5~10  
4 . 5 ~ 1 0  
4 e 5x10 
4 .5~10  
4 . 5 ~ 1 0  
4 .5~10  
11 8x10 
2 s 1x1O1=! 
1x10l2 
12 3.4~10 
11 9x10 
2 e 6x10 12 
1x10l2 
2 x 1 0 ~ ~  
1x1012 
12 1 . 4 ~ 1 0  
13 5x10 
12 4 e 5x10 
5 ~ 0 - 7  
-8 
-8 
1 e9x10 
3 a 3x10 
3 e lx10m8 
-8 2.3~10 
4. 2x10m8 
3. 5 x l 0 - ~  
3. 
2 . 7 ~ 6 ~  
7. 2xlo-8 
-8 2.7~10 
9 . 5 ~ 1 0  
8~10”~ 
-8 
Table 2 
SAMPUS USED LN ESR STUDIES 
Res is t iv i ty  Res i s  t i v i t y  Fluence a t  
Before After I r rad ia t ion  End of 
Sample L i  - D i f  f us ing Li-Diffusing Temperature I r rad ia t ion  1 
Number (ohm-cm) ( ohm- cm ) ( O K )  (e/cm2) 
14 0.54 0.30 1-50 1x10~7 
15 0.54 0.30 m. - -  
16 0.54 0.30 - - -  
17 0.54 0.30 150 l ~ l 0 ~ 7  
18 0.54 0.30 150 2x10~7 
19 0.54 Oalb 150 a1017 
17 20 0.54 0.16 150 2.5~10 
11 
temperature during i r rad ia t ion ,  Since the samples a re  immersed i n  the 
l iqu id  nitrogen, we previously assumed they were always a t  77.5OK. How- 
ever, t he  dummy sample reached temperatures as high as 150 K j u s t  before 
and during nitrogen f i l l i n g  cycles.  &us, the i r rad ia t ion  temperature 
previously reported t o  be 77OK has been amended t o  15OoK t o  r e f l e c t  the 
poss ib i l i t y  of annealing i n  the 77 
0 
0 t o  15OoK i r rad ia t ion  temperature 
range. 
Sample 14, which w a s  i r rad ia ted  a t  15O0K with 30-MeV electrons t o  
2 a fluence of 1 x 
paramagnetic center. This center was observed i n  a phosphorus-doped 
lithium-diffused sample which was maintained a t  77OK a f t e r  the 150°K 
i r rad ia t ion .  
d i s t i n c t l y  showed hyperfine s p l i t t i n g  due t o  interact ion with a spin 
I = 1/2 nucleus, strongly indicating t h a t  the defect contains phosphorus. 
Preliminary r e s u l t s  indicated g values which differed from these of the 
e/cm , w a s  found t o  contain a radiation-induced 
The center had an introduction r a t e  of about 0.1 cm'l and 
phosphorus-vacancy Si-G8 center seen by Watkins and Corbett. (3) 
Sample 14 was brought t o  room temperature for about s i x  minutes, 
and i ts  r e s i s t i v i t y  was found t o  be 1.3 x 10 ohm-cm, indicating t h a t  
the Fermi l eve l  is  near Ec - 0.4 eV. 
the paramagnetic ESR spectrum was again examined a t  2OoK and the Si-G8 
(phosphorus-vacancy) center was observed. 
te r ,  a few weak l ines  were observed, which we a t t r i b u t e  t o  some other 
paramagnetic center whose concentration is  l e s s  than l x  10 cm a 
The pre-anneal data i s  being reanawzed i n  an e f f o r t  t o  def in i te ly  estab- 
l i s h  whether the Si-G8 center was introduced by the electron i r rad ia t ion  
a t  lsO°K or  whether it appeared only a f t e r  the br ie f  room-temperature 
anneal. 
the  ~i-G8 spectrum. 
most l i k e l y  candidate. The study of the annealing behavior of the  ESR 
centers i n  Sample 14 i s  s t i l l  i n  progress. 
17 and 18 i n  Table 2) have been i r rad ia ted  and the r e su l t s  on these a re  
expected t o  y ie ld  some addi t ional  information on the introduction and 
annealing of the S i 4 8  center, the ident i ty  of the ESR center seen before 
anneal, and the iden t i ty  of the weaker ESR signals i n  lithium-diffused 
phosphorus-doped s i l icon .  
3 
After t h i s  six-minute 300°K anneal, 
In  addition t o  the Si-G8 cen- 
16 -3 
We are  a l so  t rying t o  ident i fy  the weak signals superimposed on 
Currently, the Si-G7 (divacancy) i s  considered the 
I n  addition, new samples (Nos. 
12 
It should be noted tha t  ye t  another center w a s  observed i n  more 
ernm3 and 
highly lithium-diffused, phosphorus-doped s i l icon  samples. I n  two 
samples (Nos. 9 and 10) with phosphorus density of 1 x 
l i thium density of 3 x 10 
2 x 1017 e/cm 
l ines  were observed. Although the  observed resonances were ra ther  
broad i n  these samples, making posi t ive ident i f ica t ion  d i f f i cu l t ,  t h i s  
unidentified center i s  c lear ly  not the S i 4 8  center. 
a l l ,  of the observed resonance l i nes  indicated a g tensor resembling 
t h a t  of the divacancy. O u r  current ident i f ica t ion  of t h i s  center is  
t h a t  it is  the divacancy plus another presently unidentified center. 
Assuming t h a t  our ident i f ica t ion  of the divacancy i s  correct, our 
annealing study r e su l t s  indicate t h a t  the divacancy concentration is  
16 - cm 3, i r rad ia ted  a t  15OoK t o  a fluence of 
2 (30-MeV electrons),  some broad paramagnetic resonance 
Many, but not 
0 unaltered by an anneal of 1-5 minutes a t  323 K, and i s  s ign i f icant ly  
reduced by 15-minute anneals between 323' and 423OK. This is  consid- 
erably lower than the divacancy annealing temperature (463'K) i n  non- 
diffused s i l i con  reported by Watkins and Corbett. (4) Work is  contin- 
uing on t h i s  ESR center, with the i r rad ia t ion  of samples 19 and 20 
Table 2) .  
2 e 3 OPTICAL ABSORPTION MEASUREDENTS 
Both ESR and op t i ca l  absorption techniques were used i n  our pre- 
vious investigation of the divacancy i n  electron-irradiated lithium- 
diffused float-zone s i l i con .  (') 
which do not depend on the divacancy's charge s t a t e ,  were made on the 
most heavily i r rad ia ted  ESR sample, and no divacancies were detected. 
However, t h i s  sample had been warmed t o  room temperature during the ESR 
investigation, s o  t h a t  it was possible t h a t  annealing by l i thium motion 
had occurred. During t h i s  quarter, samples of diffused and nondiffused 
high-purity float-zone s i l i con  have been prepared spec i f ica l ly  f o r  opt i -  
c a l  measurements. 
doped float-zone s i l icon .  
with the  5mm x lOmm faces  polished t o  a mirror-like f i n i s h  with one 
micron diamond paste. The lithium-diffused samples were diffused by 
the paint-on technique t o  an estimated l i thium density of -5 x 10 
Optical absorption measurements, 
4 These samples were a l l  made from 10 ohm-cm phosphorus- 
They a r e  a l l  approximately 2mm x 5mm x lOmm, 
16 -3 cm 
( p  = 0.15 ohm-cm) before polishing. These samples were i r rad ia ted  a t  
150°K t o  a t o t a l  fluence of 2.5 x lOl7 e/cm 
samples were then t ransferred ( s t i l l  a t  77OK) t o  an op t i ca l  dewar and 
opt ica l ly  scanned i n  the 1.1 p t o  5 ,J, range. 
paid t o  the 1.8 p and 3.3 t o  3.9 IA regions, where infrared absorption 
bands a t t r i bu ted  t o  the  divacancy have been observed, ( 5 )  The 3.3- t o  
3.9-p range was considerably masked by water which condensed on the 
77 K samples i n  s p i t e  of our bes t  precautions; however, both the d i f -  
fused and the nondiffused samples showed comparable absorption bands a t  
about 1.8 p, which w e  a t t r i b u t e  t o  the divacancy. The samples were 
b r i e f l y  brought t o  room temperature and dried with dry nitrogen gas i n  
an e f f o r t  t o  eliminate the objectionable water absorption i n  the -3.6-p 
region, and were reexamined a t  77 K. 
but comparing the raw data of the diffused and nondiffused samples indi-  
cates the 1.€LP band was considerably reduced i n  the diffused sample by 
t h i s  15-minute anneal a t  room temperature which occurred during the 
drying. An annealing experiment i s  i n  progress and the r e su l t s  w i l l  be 
reported when the data has been reduced. 
2 (30-MeV electrons) .  These 
Part icular  a t ten t ion  was 
0 
0 Data reduction is  not ye t  complete, 
3. USE OF COMPUTER F'N CODE FOR PREDICTING IIERFORMANCE OF SOLAR CELLS 
Although the work under t h i s  contract  is being done on bulk s i l i con  
diffused with lithium, the desired ultimate goal i s  an operating device- 
namely, a so la r  cell-that i s  r e s i s t an t  t o  radiat ion damage. Therefore, 
i n  addition t o  measuring changes i n  the electronic  properties of bulk 
materials due t o  damaging radiat ion and annealing, it is important t o  be 
able t o  predict  the  e f f ec t  of such changes on device performance. Toward 
t h i s  end, Gulf General Atomic Incorporated ( E A )  i s  attempting t o  employ 
a computer code t o  predict  solar c e l l  output from known properties of the 
so l a r  c e l l  material. The de ta i l s  of t h i s  code and i t s  uses are described 
i n  d e t a i l  elsewhere. (697) 
GGA i s  current ly  working on a contract* t o  improve and update the  PN 
code. This contract  allows us t o  use checkout time on the A i r  Force Wea- 
pons laboratory CDC 6600 computer. Some of these checkout runs, while not 
"Department of Defense, Defense Atomic Support Agency, contract  DASAO1- 
69-C-0013, e n t i t l e d  Radiation Effects on Dynamic Electronic Components 
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being performed on the  present contract, a r e  of i n t e re s t  t o  t h i s  work 
and are being analyzed f o r  the information they contain t h a t  i s  relevant 
t o  the behavior of solar ce l l s .  During the last  reporting period, t h i s  
computer simulation of solar c e l l s  has been extended t o  t r e a t  the prob- 
lem of short-circui t  current degradation i n  a proton fluence. These 
runs correspond t o  undamaged and damaged c e l l s .  Computer runs have 
been prepared t o  simulate the  damage of a fluence (@) of 300-keV pro- 
tons. 
centers a t  posit ion x of the ce l l ,  
The radiat ion i s  assumed t o  have created N(x) new recombination 
where the proportionali ty constant var ies  w i t h  posit ion (x )  t o  r e f l e c t  
the enhanced damage near the end of the proton range. 
i s  given by 
m e  l i fe t ime T 
1 1 
~-(---J = - + N(x) v (J 9 
TO r x  
where T i s  the preirradiat ion l i fe t ime,  v is the thermal velocity, and 
0 i s  a capture cross section, and the  value of ~ ( x )  is  e i the r  supplied a t  
0 
the s t a r t  of the computation or  automatically computed by the code by 
using Eqs 1 and 2. 
Some preliminary calculations of the so la r  c e l l  I -V charac te r i s t ic  
curve were presented i n  the previous quarterly report .  (‘I 
been continued w i t h  the same doping, mobili t ies,  and l i fe t imes  a s  re-  
ported i n  Ref., 6. In  one run, the generation r a t e  has been raised t o  
This work has 
~rn-~/sec ,  which would be the  case f o r  sunlight w i t h  no re f lec t ion  
l o s s  on the f r o n t  face  of the ce l l ,  and the generation was attenuated 
with depth, a s  sunl ight  would be. Figure 7 compares this run w i t h  the  
handbook values(*) and, while the  f i t  i s  by no means perfect,  the  values 
a re  more comparable than the runs reported ea r l i e r ,  with g = 10 
output power of the two devices, a s  estimated by the area of the la rges t  
rectangle tha t  can be inscribed within the curves, i s  given on the figure. 
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Fig. 7. Current-voltage characteristics for  a t ical 
solar cell, at a ,generation rate of 1 0 ~ ~ c r n - 3  
sec-1 
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The l i g h t  power i s  about 140 nfd f o r  the computed curve and 100 Illw f o r  
the  handbook curve, so the e f f ic ienc ies  a re  10.8 and 11.5 percent, 
numbers wnich again a re  reasonably close t o  generally achievable 
values e 
A se r i e s  of other runs w a s  made i n  which the c e l l  was degraded in  
some fashion. F i r s t ,  a recombination center was introduced i n  a manner 
appropriate t o  damage by 300-keV protons. 
est f o r  low-energy protons, so the recombination centers mostly occur 
a t  the end of the track. (9) The proton energy, nd, which i s  the number 
of displacements per un i t  path length, and the resu l t ing  electron and 
hole l i fe t imes  t h a t  were used i n  the run a r e  shown i n  Table 3. The 
degradation of the  solar c e l l  charac te r i s t ics  from the undamaged curve 
of Fig. 7 is shown a s  curve 2 of Fig. 8. 
ciency of about 9.2 percent. 
&e proton damage i s  great-  
The damaged curve has an e f f i -  
Table 3 
VARIATION OF IJFETIME W I T H  POSITION FOR 
A FLUENCE OF 10l2 F'ROTONS/CM2 OF 300-KEV ENERGY 
0 
0.2 
0.8 
1.0 
1.8 
3 04 
3 96 
3.64 
2,4 
300 
275 
235 
225 
215 
14 5 
30 
2 
1 
2.3 
2.5 
2.9 
3 -0 
3 01 
4.4 
13 .o 
46.0 
49.0 
0.00781 
0 9 00773 
0.0074 
o e 00726 
3.21 
0.96 
0.625 
0.56 
2.72 
0.781 
0.773 
0.74 
0.726 
0.641 
0.019 
o e 0125 
0.544 
0 * 011 
~ 
n- type 
n-type 
n-type 
P-%YPe 
P-tYPe 
P - t Y P  
P-tYW 
P-tYW 
€)-type 
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Fig. 8. n/p so la r  c e l l  output current-voltage character- 
i s t i c s  given by the PN code f o r  a 
generation rate ,  for (1)an  undamaged c e l l  of 
15.2% efficiency, ( 2 )  the  same c e l l  damaged with 
300-keV protons t o  13.3% efficiency 
cm"3 sec- l  
r -  
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4. PLANS FOR THE NEXT REPORTING PERIOD 
During the next reporting period, the infrared absorption study of 
radiation-induced divacancies i n  diffused and nondiffused s i l i con  should 
be completed. 
i n  phosphorus-doped, lithium-diffused s i l i con  w i l l  continue. These 
samples have been i r rad ia ted  and a r e  being s tored a t  77OK u n t i l  they 
can be investigated. Minority-carrier l ifetime, r e s i s t i v i ty ,  and Hall 
e f f ec t  s tudies  w i l l  continue, with special  emphasis on quartz crucible 
s i l i con  e 
The ESR study of radiation-induced paramagnetic defects 
Computer s tudies  of so la r  c e l l  output w i l l  continue. 
5.  NEW TECHNOLOGY 
No new technology i s  current ly  being developed or employed i n  t h i s  
program. 
6. PUBLICATIONS 
A paper e n t i t l e d  "Minority-Carrier Lifetime Degradation and Anneal 
i n  Neutron-Irradiated Lithium-Diffused n-Tyye Silicon," by B. C. Passen- 
heim and J. A. Naber, was published i n  Radiation Effects 2, 229, March 
1970 0 
A paper e n t i t l e d  "Lithium--An Impurity of In t e re s t  i n  Radiation 
Effects of Silicon," by J. A. Naber, He Horiye, and B. C. Passenheim, has 
been accepted f o r  presentation a t  the 1970 Internat ional  Conference on 
Radiation Effects i n  Semiconductors, t o  be held a t  the S ta te  University 
of New York, Albany, N. Y., i n  August 1970. 
A paper e n t i t l e d  "Production and Annealing of Defects i n  Lithium- 
Diffused Si l icon After I r rad ia t ion  with 30-MeV Electrons and Fission 
Neutrons a t  300 K," by J. A. Naber, B. C. Passenheim, and R. A. Berger, 
has been accepted f o r  presentation and publication i n  the Proceedings of 
the Eighth Photovoltaic Special is ts  Conference t o  be held i n  Seat t le ,  
Washington, August 4-6, 1970. 
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